CDP-diacylglycerol synthase (CDS) catalyzes the reaction of CTP and phosphatidic acid to form CDP-diacylglycerol and inorganic pyrophosphate. In this study, we isolated and sequenced a rat CDS clone that encodes an amino acid sequence highly homologous to the human CDS sequence. With the use of the cloned cDNA, we investigated the distribution of the mRNA in the adult rat central nervous system by in situ hybridization. The CDS transcript was widely distributed throughout the brain, although signal intensities were somewhat variable. The mRNA was moderately expressed in the mitral cell layer of the olfactory bulb, pirform cortex, neocortex layer V/VI, dentate gyrus, CA1-4 regionsof hippocampus, Purkinje cell layer of the cerebellum, and dorsal root ganglion. In neocortex layers II/III and IV, amygdala, hypothalamus, and granule cells of the cerebellum were relatively few, but significant levels of the CDS transcript were observed. We also studied the developmental changes in the expression of the CDS mRNA in the olfactory bulb, hippocampus, cerebellum and spinal cord by the method of reverse transcription-polymerase chain reaction. Dramatic increases in the expression of the CDS mRNA were seen during the early stage of postnatal growth.
Finally, PI is sequentially phosphorylated by PI 4-kinase and PI 4-phosphate 5-kinase to form PIP2. Thus CDS functions not only in the de novo synthesis, but also in the resynthesis of phos-phoinositides. The importance of CDS in the signal transduction has been strengthened in a recent study by Wu et al.8) , showing that overexpression of a photoreceptor cell-specific isoform of CDS in Drosophila increases the amplitude of the light response. Gene cloning is an essential prerequisite for many regulatory and structural studies. The cloning of a gene encoding CDS was initially reported by Icho et al.9) , who isolated the gene for Escherichia coli by complementation of an E.coli mutant defective in the enzyme activity. The first eucaryotic gene encoding CDS was cloned by Wu et al. from Drosophila8). Using a molecular genetic screen designed to isolate genes important for the in vivo regulation of phototransduction in Drosophila, a PLC-mediated signal transduction cascade10), they isolated and identified the CDS gene as a key enzyme gene in PLC signaling. Since then, the gene for yeast") and cDNAs for human12-14) have been isolated by computer assisted research. Weeks et al. have shown that the human CDS protein and the CDS proteins from Drosophila, yeast and E. coli have 45%, 21%, and 7% overall match in amino acid sequence, respectively13).
In the present investigation, we have cloned a cDNA encoding CDS from rat brain to understand the function and the regulation of CDS in the central nervous system. Furthermore, with the use of the cloned cDNA, we investigated the distribution and the expression during the development of the CDS mRNA in the rat central nervous system, by in situ hybridization and reverse transcription-polymerase chain reaction (RT-PCR).
MATERIALS AND METHODS

Animals
Timed-pregnant Wistar rats were maintained with access to food and water. Offspring were divided into groups of six rats and studied at postnatal day 1 (P1), P7, P14, P21, P28 and 12 weeks (adult).
Construction of a rat brain cDNA library
Total RNA was isolated from the brain of a male Wistar rat (3 weeks old) by the acid guanidium thiocyanate extraction method"). Poly(A)+RNA was obtained from total RNA by oligo-dT-latex beads (Takara Co. Ltd.). Five micrograms of poly (A)RNA were subjected to the synthesis of double-stranded cDNA by a cDNA synthesis kit (Life Technologies, Inc.) using oligo-dT as a primer. The double stranded cDNA was then ligated to EcoRI/ NotI adaptor, and the adaptor ends were phospholylated with a T4 poly nucleotide kinase (Pharmacia). The adaptor-ligated and 5'-phospholylated cDNA was ligated to lamda The nucleotide sequence reported in this paper has been deposited in the GenBank database with accession number AB009999. cDNA library by low-stringency hybridization.
Nucleotide sequences of the two clones were determined.
As shown in Fig.l , the sequences overlapped, indicating that they were derived from an identical transcript. Fig. 1 shows that the cDNA has a single open reading frame of 461 amino acids with a predicted molecular weight of 52, 927 Da. The predicted protein contains the same number of amino acids as that of the human CDS13,14) and is 95% identical (data not shown) to the human CDS. Therefore, we concluded that the predicted protein encoded by the cDNA isolated in this study is the rat homologue of the human CDS13,14). During the sequence of the CDS clones we noticed the report by Saito et al., who cloned and sequenced the cDNA encoding CDS from rat brain20).
The nucleotide sequence of the coding region of their cDNA was essentially the same as that of ours with a minor difference : three Gs at positions 894, 916 and 926 of their clone were missing in our clone. Because of this difference, an undeca peptide VQVSVLCGARW at amino acid positions 299-309 encoded by their clone was changed to a deca peptide SKYQYFVCPV at positions 299-308 encoded by our clone. The reason for the difference is not clear. However, the deca peptide sequence region of our rat CDS was conserved completely in human CDS12,13) and well in yeast 
CDS11).
Northern blot analysis demonstrated that rat CDS mRNA was differentially expressed in various tissues (data not shown). Higher expression was seen in the testis, brain and kidney in this order, but lower expression was seen in the liver. A 4 kb transcript was detected commonly in these four tissues, but a 2.4 kb transcript was detected only in the testis. The transcripts were hardly detected in the heart, lung and skeletal muscle.
In situ hybridization
We examined the precise distribution of CDS mRNA using non-radioisotopic in situ hybridization, a procedure which allows highly resolved detection of positive neurons. Antisense and sense RNA probes labeled with DIG were prepared by in vitro transcription directed by the T3 and T7 promoters. Sections of various regions of rat brain were prepared, and RNA probes were applied and stained.
Signals were obtained only with the antisense probe. The sense probe used as the control produced essentially no hybridization signals (Fig.2D) . Table 1 summarizes the distribution of CDS mRNA in the central nervous tissue of the adult rat.
Moderate expression of CDS mRNA was seen in the mitral cell layer of the olfactory bulb, and weak expression in the granular cells that lie in clusters near the mitral cells. However the CDS mRNA hybridization signal was lacking in the glomerular layer. CDS mRNA was moderately stained in the piriform cortex.
CDS mRNA was expressed moderately and evenly in the neural cell bodies of layer V/VI.
In the hippocampus, moderate expression of CDS mRNA was observed in the granular cells of the dentate gyrus, and in the pyramidal cells of the CA 1-4 ( Fig.2A, B , and C). In the basal ganglia, neurons in the caudate putamen were not labeled with CDS mRNA probe although most of neurons in the globus pallidus were weakly labeled. CDS mRNA was also weakly stained in the amygdaloid nuclear complex, including the medial, basolateral, and central amygdala.
CDS transcript was not expressed in the epithalamus. In the thalamus, CDS signals were moderately expressed in the ventral part of the nuclei.
In the hypothalamus, weak levels of CDS mRNA were observed in the ventromedial hypothalamic nucleus, lateral hypothalamic nucleus, and supramammillary nucleus.
Moderate to weak hybridization signals of CDS mRNA were seen in the midbrain, pons, and medulla.
In the cerebellum, the CDS mRNA hybridization signal was moderate in the Purkinje cells ( Fig.2E ) and weak in the granule cells. Signals were not detected in the molecular layer.
We examined the sections of the spinal cord at the lumbar level. CDS mRNA was predominantly localized in the gray matter which included the cell bodies of the motoneuron.
Moderate hybridization signals were seen in the ventral horn and dorsal root ganglion ( Fig.2F ). As in other regions, hybridization was never observed in association with white matter tracks.
Moderate hybridization signals were found homogeneously in the anterior and intermediate lobes of the pituitary.
The expression pattern of CDS mRNA we observed in the present study generally agrees with the results of in situ hybridization study with radioisotope-labeled DNA probes20). We next studied the developmental changes in the expression of CDS mRNA in the olfactory bulb, cerebellum, hippocampus, and spinal cord. The RT-PCR method was employed to quantitatively determine the CDS mRNA relative to the expression of G3PDH mRNA, which is widely used as an internal standard for gene expression studies.
Developmental changes in expression
In the olfactory bulb (Fig.3A) , the PCR product was readily detectable at P 1. The most dramatic increase was seen between P 1 and P 7 where a nearly three-fold increase occurred. The peak expression was noted at P14 then gradually declined to the adult stage in which the levels are slightly more intense than at P 1.
In the cerebellum (Fig.3B) , the level of the PCR product was quite low for newborn (P 1). The levels increased during the first to second postnatal weeks, reaching a plateau at P14 and then remained constant until adulthood where a nearly four-fold increase occurred.
In the hippocampus (Fig.3C) , the pattern is similar A B C D Fig. 3 . CDS gene expression in each region, olfactory bulb (A), cerebellum (B), hippocampus (C), and spinal cord (D) of male rats at different ages during postnatal development and at adulthood. RT-PCR analysis was conducted as described in MA TE-RIALS AND METHODS.
The intensities of CDS bands were normalized using the G3PDH PCR band as the internal standard. The PCR band intensities of CDS mRNA in each part of the rat brain on P1-P28 and in adulthood were expressed as relative values taking the value at P1 as 100.
to that of the olfactory bulb ; the expression increasing dramatically, and reaching a high level at P7 (4.5-fold that of P 1). The levels reached a peak at P21 and then declined slightly. In the spinal cord, Fig.3D showed a dramatic increase in the expression of CDS mRNA between P1 and P7 (5-fold that of P 1). The levels then increased gradually until adulthood.
The common features of these results are dramatic increases in the expression of CDS mRNA during the early stage of postnatal growth, although some differences were seen in the late stage. The elevation of the expression seems to be associated with postnatal maturational events including axonal extension, synaptogenesis and myelination.
